Objective: Evidence suggests that musicians, as a group, have superior frequency resolution abilities when compared with nonmusicians. It is possible to assess auditory discrimination using either behavioral or electrophysiologic methods. The purpose of this study was to determine if the acoustic change complex (ACC) is sensitive enough to reflect the differences in spectral processing exhibited by musicians and nonmusicians.
INTRODUCTION
Like speech, music is a spectrally complex acoustic signal. To perceive and fully appreciate music, the listener must be able to detect and process brief and subtle variations in the temporal or spectral content of an ongoing acoustic signal. For individuals with hearing loss, understanding speech in noise or music can be particularly challenging. Assistive devices like a hearing aid or cochlear implant (CI) can help, but studies show that many hearing-impaired individuals continue to struggle, even with well-fit assistive devices (Takahashi et al. 2007; Gifford & Revit 2010; Looi et al. 2012; Limb & Roy 2014; Kochkin 2015) .
Auditory training has been suggested as a way to improve the ability of a listener to process spectrally complex acoustic signals. Numerous studies show that individuals with extensive musical training are able to discriminate sounds based on the musical pitch more quickly and more accurately than non-musicians (Tervaniemi et al. 2005; Parbery-Clark et al. 2009 ). Musicians also have been shown to outperform nonmusicians on tests of how well they are able to understand speech in noise (Parbery-Clark et al. 2009; Slater et al. 2015) . Music-based auditory training has also been shown to improve specific aspects of cognitive-linguistic functioning, such as auditory attention, working memory, and phonological processing (Fujioka et al. 2006; Parbery-Clark et al. 2009; Shahin 2011) . Observations like these, coupled with the fact that music is an engaging stimulus for many listeners, have fueled an interest in the development of music-based training tools for use with hearing-impaired populations (Yucel et al. 2009; Chen et al. 2010; Shahin et al. 2011) . In fact, today, many CI manufacturers, professional associations, and advocacy groups recommend using musical stimuli in aural rehabilitation programs and encourage pediatric CI users to participate in music-related activities. While such suggestions are logical, well-intentioned and often well-received, efficacy studies are lacking. In addition, long-term musical training typically begins in childhood and involves a level of commitment of time and resources that may not be practical for many and may lead to considerable frustration for others. Complicating things further, children are now often identified as having a hearing loss within the first year of life. Establishing the efficacy of a music-based auditory training program for preschool aged children is likely to be a difficult task. Toward that end, it would be helpful if there was a reliable, non-behavioral method to evaluating the impact that training might have on auditory perception.
In this study, we focus on normal-hearing listeners and examine the impact that long-term training in music has on the ability of the listener to use spectral cues to discriminate between two spectrally complex sounds. Our long-term goals are to determine if an objective (i.e., non-behavioral) method of assessing auditory discrimination might play a role (1) in deciding which CI users might benefit from participation in a music-based auditory training program, and eventually (2) in establishing efficacy of such a program for pediatric CI recipients. This report represents a first step toward that goal by providing a direct BROWN Et al. / EAR & HEARING, VOL. 38, NO. 2, comparison of behavioral and electrophysiologic measures of auditory discrimination in individuals with and without musical training. There are a number of different cortical auditory evoked potentials (CAEPs) that have been used to assess neural processing of acoustic signals. The most commonly recorded CAEP is the P1-N1-P2 onset response. This auditory-evoked potential can be elicited using long duration, spectrally complex acoustic signals (like speech syllables or musical tones) presented in a passive listening paradigm. It has a fairly large amplitude, and studies have shown that it is possible to measure the P1-N1-P2 complex in individuals who use conventional hearing aids or a CI to communicate (Friesen & Tremblay 2006; Tremblay et al. 2006a, b; Brown et al. 2015) . The presence of this CAEP is typically interpreted as evidence that the acoustic signal has been detected. The impact factors like sleep, attention, and development have on the P1-N1-P2 onset response has also been described previously in the literature (for review, see Ponton et al. 1996 or Picton 2011 .
Several different groups of investigators have previously shown that the amplitude of the P2 component of the P1-N1-P2 complex can be enhanced by auditory training and that musicians, as a group, tend to have larger P2 amplitudes than nonmusicians (Tremblay et al. 2001 (Tremblay et al. , 2009 Shahin et al. 2003 Shahin et al. , 2004 Shahin et al. , 2007 Shahin et al. , 2011 Trainor et al. 2003; Tremblay 2007) . However, these findings are not unanimous. For example, Alain et al. (2007) reported finding smaller P2 amplitudes following training using speech sounds. Recently, Zhang et al. (2015) also recorded smaller N1-P2 responses from musicians compared with non-musicians when they used click trains as the stimulus for evoked potential testing.
While detection of sound is important, it seems likely that the primary advantage enjoyed by musicians relative to nonmusicians might be related to their ability to discriminate between two sounds or to detect subtle changes in the quality of a sound. The acoustic change complex (ACC) is a variant of the P1-N1-P2 response that has previously been used in studies exploring the impact of musical training on auditory perception. This averaged evoked potential is essentially a second P1-N1-P2 response generated if the listener perceives a change in some aspect of an ongoing acoustic signal. The ACC is not a difference potential and does not require the use of an odd-ball paradigm. It is typically larger in amplitude, has more consistent morphologic features, and can be recorded more efficiently than mismatch negativity responses. It can also be recorded using long duration acoustic stimuli presented in the sound field that are then "processed" either by a hearing aid or a CI (Martin et al. 2008; Billings et al. 2012; Martinez et al. 2013; Brown et al. 2015) . There is also evidence in the literature that shows that the magnitude of the ACC response is at least roughly correlated with the salience of the "change" used to evoke it (Martin & Boothroyd 2000; Brown et al. 2008; Kim et al. 2009 ). In all of these studies, subtle changes in stimulus features resulted in small ACC responses. More obvious or clearly detectable changes resulted in larger amplitude ACC responses. It is for all these reasons that the ACC is the focus of this investigation.
Perhaps most directly relevant to the current investigation are results of two studies. In the first study, ACC responses were recorded from normal-hearing musicians and nonmusicians (Itoh et al. 2012 ). The stimuli were two chord progressions-one with a more distinct change than the other. Musicians not only were found to have more robust N1 change responses than non-musicians but the effects of attention were also greater for musicians than non-musicians. In the second study, psychophysical and electrophysiologic measures of spectral ripple discrimination for 3 normal-hearing listeners were tested using stimuli that were vocoded to simulate perception using a CI (Won et al. 2011) . While the evoked potential estimates of auditory discrimination were not as sensitive as the behavioral measures, the ACC amplitudes clearly decreased as the spectral ripple density increased. Both studies suggest that the ACC may, indeed, provide a reasonable estimate of the ability of the listener to discriminate between two spectrally complex signals.
This report describes results of a study comparing the impact that long-term musical training has on both behavioral and electrophysiological measures of auditory discrimination. We hypothesized that musicians would be able to discriminate smaller changes in pitch or have higher (i.e., better) spectral ripple discrimination thresholds than non-musicians, and that those differences in spectral acuity would be evident in both the behavioral and electrophysiologic measures. If our hypotheses are correct, the results of this study will advance our understanding of how musical training affects auditory processing at the level of the cortex and support use of an evoked potential such as the ACC as a tool to assess efficacy of a music-based auditory training program. If long-term musical training does not affect the ACC, it seems unlikely that this evoked response would prove useful as a metric of progress in a short-term training program geared toward hearing-impaired listeners.
MATERIALS AND METHODS

Subjects
Our goal was to construct two groups of subjects whose musical background and experience were very different. Twenty four potential subjects were recruited from among the faculty or graduate students in the Department of Communication Sciences and Disorders or the School of Music at the University of Iowa. They were asked to rank themselves on the extent of their musical training using two 10-point Likert scales. Their ratings were used to help construct our 2 subject groups. On the first scale, number 1 was labeled "non-musician-no music classes beyond elementary school" and number 10 was labeled "professional musician-extensive music classes and music practice." On the second scale, number 1 was labeled "no involvement with music-past or present" and number 10 was labeled "regular involvement with music for many years." Individuals who ranked themselves between 9 and 10 on both scales were recruited to participate as part of a subject group we refer to as "musicians." Individuals who ranked themselves between 1 and 3 on both scales were invited to participate as part of a subject group we refer to as "non-musicians." Four individuals who ranked themselves between those extremes were excused from further participation.
All 20 study participants then were asked to complete the Iowa Musical Background Questionnaire (IMBQ). The IMBQ has been widely used to quantify musical background and experience (Gfeller et al. 2000) . Our goal was to define/quantify the extent to which our 2 subject groups differed in terms of their e76 BROWN Et al. / EAR & HEARING, VOL. 38, NO. 2, musical training and overall experience. The average score on the IMBQ for the musicians was 68.89 (SD = 54). The mean score obtained by the non-musicians was 13.1 (SD = 9.59). This difference between the two groups was statistically significant (t(11) = 5.18, p = 0.0003). None of the study participants reported a significant history of hearing loss or neurologic disorders. The average age of the musically trained study participants was 42.2 years (SD = 16.04). The average age of non-musicians was 38.4 years (SD = 12.03). Unpaired t tests revealed that the age difference between the two groups was not statistically significant (t(18) = 0.5993, p = 0.5564). The group of musicians consisted of 5 males and 5 females. The group of non-musicians consisted of 2 males and 8 females.
All 20 study participants had audiometric thresholds that were ≤20 dB HL for frequencies ranging from 250 to 2000 Hz. All 10 non-musicians passed the hearing screening at 4000 Hz. One of the non-musicians had a mild high-frequency hearing loss at 8000 Hz. Three of the musicians had a mild highfrequency hearing loss at 4000 and 8000 Hz (i.e., audiometric thresholds between 25 and 40 dB HL).
A nonauditory measure of attention and working memory known as the visual monitoring task (VMT) was also administered to subjects in both groups (Knutson 2006) . Mean performance on the VMT was 99.08% (SD = 1.29) for the musicians and 90.3% (SD = 13.63) for the non-musicians. This difference was not statistically significant (t(9) = 2.03, p = 0.0726).
Behavioral Test Procedures
Behavioral measures of speech understanding in background noise and timbre recognition were obtained from each study participant. Both measures are reported widely in the literature as being sensitive to the effects of long-term musical training. Two additional adaptive psychophysical tests were used to measure pitch and spectral ripple discrimination thresholds. All four measures were obtained using stimuli presented in the sound field at 60 to 65 dBA from a speaker located approximately 4 feet from the listener at 0° azimuth. Details related to each of these behavioral tests are provided below.
1. Speech understanding in noise. Two lists of AzBio sentences (Spahr et al. 2012 ) were presented at 60 dBA. The 10-talker babble was presented from the same speaker at a signal to noise ratio of 0 dB. The ability of the study participant to identify key words in each sentence was assessed. Results from both lists were averaged and scores expressed as percent correct.
2. Timbre recognition. This was a closed-set task. Study participants were given a card with six common musical instruments depicted and labeled. A sequence of four notes was played, and each study participant was asked to identify which musical instrument he/she thought had played that sequence of sounds. The stimuli were generated digitally using MIDI technology and professional composition software (Finale Songwriter 2012). Each stimulus was played four times in random order (24 stimuli total). Feedback was not provided. Results were scored as percent correct.
3. Pitch discrimination. This task required that the study participants listen to a series of three notes that were generated digitally using MIDI technology and professional composition software (Finale Songwriter 2012 and Adobe Audition, AdobeSystems, Inc. ver. 3). Two of the three notes were simulations of a clarinet playing C4. This stimulus was labeled the "standard" stimulus. The third stimulus, labeled the "different" or "variable" stimulus, was a digitally generated sample of a clarinet playing a note that was higher in pitch than middle C. All three stimuli were 400 msec in duration and gated on and off using a 5 msec linear ramp. The three stimuli were presented in random order, and the level of each of the three stimuli was randomly varied by ±2 dB to eliminate potential loudness cues. The three listening intervals were separated by two 400 msec silent intervals. A three interval, three alternative forced choice paradigm was used and participants were asked to indicate which of the three intervals contained the different stimulus. Feedback was not provided. A 2-down, 1-up stepping rule was used that results in estimation of the 70.7% point on the psychometric function (Levitt 1971) . Initially the standard and deviant stimuli were separated by 2 semitones (200 cents) and a 1 semitone step size was used. If the study participant was able to correctly discriminate two tones that differed by 1 semitone, the step size was halved to 50 cents. The smallest step size used was 5 cents. The process stopped after 10 reversals were obtained and the mean of the last 6 reversals was computed. This adaptive procedure was completed four times. The musical pitch discrimination threshold was defined as the mean of the last three of the four pitch discrimination thresholds.
4. Spectral ripple discrimination. Psychophysical measures of spectral ripple discrimination thresholds were also measured for each study participant. Matlab (MathWorks, Inc. US R2011b) was used to generate the ripple noise stimuli. The noise was comb filtered to create sinusoidal peaks and valleys ("spectral ripples") in the frequency domain. The modulation depth was held constant at 30 dB. A three interval, three alternative forced choice paradigm was used. Two intervals contained ripple noise that we describe as "cosine phase noise." The third interval contained a sample of ripple noise where the position of the peaks and valleys in the frequency domain had been shifted by 90° and is described as inverted or "sine phase." Ripple discrimination thresholds were measured by systematically varying the spectral ripple density from 0.25 to 18 ripples per octave (rpo). The stimuli used for this task were RMS balanced but during the adaptive procedure, the presentation level was varied slightly (±2 dB) to minimize the extent to which the listener could use loudness cues. The study participant's task was to identify the interval that was "different." Feedback was not provided. At low ripple densities, the task is very simple and most normal-hearing listeners describe the difference between the two stimuli as a change in pitch. At higher ripple densities, the task becomes much more difficult. Ripple density was systematically varied and testing continued until 10 reversals were obtained. A mean spectral ripple discrimination threshold for each run was computed by averaging the results of the last six reversals in each run. The whole procedure was repeated four times and spectral ripple discrimination threshold was defined as the mean of the last three runs.
Electrophysiologic Test Procedures
1. Stimuli. ACC responses were recorded using the same stimuli used for the behavioral measures of pitch and spectral ripple discrimination described above; however, to record the BROWN Et al. / EAR & HEARING, VOL. 38, NO. 2, e74-e84 e77 ACC responses, two 400 msec segments that were RMS balanced were concatenated and digitally edited to ensure that there were no audible pops or clicks at the transition point. The result was a single 800 msec stimulus that consisted of two segments that differed from each other based on either musical pitch or the location of peaks and valleys of a ripple noise stimulus. One set of stimuli was constructed by concatenating two digitally generated samples of a clarinet playing a continuous note for 400 msec. The first note played was middle C (C4), the fundamental frequency of which is 262 Hz. The second note was always higher in pitch than middle C. The magnitude of the pitch change ranged from a few cents to several semitones (C4-F4).
The second set of stimuli was also digitally generated and was composed of 256 sinusoids combined at random phases to create a noise with a bandwidth from 100 to 6400 Hz. This noise was then comb filtered using varying ripple densities and a 30 dB modulation depth. The relative position of the peaks and valleys of the 800 msec segment of ripple noise was reversed after 400 msec. A set of stimuli was created using ripple densities that ranged from 1 to 12 rpo. Discriminating a shift in the position of the spectral peaks became more difficult as ripple density increased.
2. Recording parameters. Standard disposable disc electrodes were used for recording the auditory-evoked responses. The recording electrode sites included the vertex (Cz), both mastoids (M1 and M2), and the inion (Oz). The ground electrode for all of the recording channels was located off center on the forehead. Two additional electrodes were placed above and lateral to one eye and used to monitor eye blinks. Electrode impedance ranged from 1000 to 3000 Ohms and was monitored throughout the recording session. Online artifact rejection was used to eliminate from averaging any sweeps containing eye blinks or voltage excursions greater than 80 μV in the eye blink channel or in one or more of the other five recording channels. The rate of artifact rejection was typically under 10%.
An optically isolated, Intelligent Hearing System differential amplifier (IHS8000) was used to amplify (gain = 10,000) and band-pass filter (single pole RC: 1 to 30 Hz) the raw EEG activity. A National Instruments Data Acquisition board (DAQCard-6062E) was used to sample the ongoing EEG activity at a rate of 10,000 Hz per channel. Two recordings of 100 sweeps each were obtained for each stimulus. These two recordings were then combined off-line to create a single evoked potential. Custom-designed LabVIEW software (National Instruments Corp.) was used to compute and display the averaged waveforms. No baseline correction was required.
3. Testing procedures. During testing, study participants were seated in a comfortable chair inside a double-wall sound booth. No active listening task was required but the study participants were instructed to stay awake and were allowed to read or watch captioned videos. Subject state was monitored carefully using both audio and video recording systems, and frequent breaks were provided.
The stimuli used for electrophysiologic testing were presented at 65 dBA SPL in the sound field from a speaker located approximately 4 ft from the study participant at 0° azimuth. The stimulation rate was varied randomly from 2.8 to 3.8 stimuli per second. This relatively slow stimulation rate and the addition of some jitter in the timing between consecutive stimuli helped minimize the effects of adaptation. MATLAB software was used to control stimulus timing and to trigger the averaging computer.
Recording a full set of evoked potential data typically required approximately 3 hours. Testing usually started using either a stimulus with a ripple density of 1 rpo or a pitch change of one semitone (100 cents). Both conditions typically elicited clear onset and change responses. Data were recorded in blocks of 100 sweeps and using progressively more challenging contrasts until it was clear that the ACC was no longer evident in the averaged recordings. To save time, once a no response condition was identified, stimuli with smaller pitch changes or more densely spaced spectral ripples were not used. As a result, not all subjects were tested using all of the stimulus contrasts.
Data Analysis
For each study participant, waveforms recorded differentially between Cz-M1, Cz-M2, and Cz-Oz were combined to create a single composite waveform for each stimulus that was analyzed using a custom MATLAB program. This program automatically identified the minimum and subsequent maximum values in the 400 msec interval that followed either the onset of the stimulus or the introduction of the change in the stimulus. These automatically selected points were examined and labeled N1 and P2, respectively. In rare instances (well under 5% of the time), the results of the automatic peak picking algorithm were overruled by the experimenter and the N1 and P2 peaks were picked manually. This happened only when the recordings were noisy and when the latency of the N1 or P2 peaks determined using the automatic peak picking algorithm were inconsistent with latencies recorded from the same subject using similar stimuli. A second examiner who was blinded to subject identity and to the stimulus condition also examined the waveforms off-line and confirmed peak location and identified the visual detection threshold (VDT) for each recording series. Peak to peak amplitude was measured between the N1 peak and the following positive peak (P2). Normalization was used to facilitate comparison of ACC amplitudes across subjects and groups. This was accomplished off-line by dividing the peak to peak amplitude of the ACC response by the peak to peak amplitude of the onset response recorded simultaneously. Finally, grand mean waveforms were computed for each stimulus contrast.
To compare performance between two groups, t tests and linear regression models with correlated errors were used. When performing a two-sample t test, the variances were tested for equality using a Folded F test. If the variances were not significantly different, then a pooled variance was used. If the variances were significantly different, then a Satterthwaite adjustment was used. The linear regression model with correlated errors, which accounts for within-subject correlation, was used to compare normalized amplitudes of the various pitch and spectral ripple change stimuli between musician and non-musicians. We used a heterogeneous AR(1) correlation structure, which allows each pitch to have its own variance and the correlation between pitch decays as the pitches get farther apart. Linear regression analysis and correlations were used to compare between evoked potential peak to peak amplitudes and perceptual measures. SAS version 9.3 was used for all of the statistical analyses.
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All of the procedures used to recruit, evaluate, and test study participants were reviewed and approved by the Institutional Review Board at the University of Iowa. Study participants were compensated for participating in this study. Figure 1 shows results of tests of speech understanding in noise and musical timbre identification for musicians and non-musicians. Musicians performed significantly better than non-musicians on the AzBio test administered at 0 dB SNR (t(18) = 2.14, p = 0.046). They also were able to more accurately identify instruments based on timbre cues than non-musicians (t(9) = 3.35, p = 0.008). Note that the degrees of freedom used to compare performance on the timbre identification task were adjusted to account for differences in variance between the two subject groups (see "Materials and Methods"). The boundaries of the box plots shown in Figure 1 define the 75th and 25th percentiles of the distribution. The whiskers indicate the 5th and 95th percentiles of the distribution. Mean performance is indicated by the thicker solid line. The median is marked using the thinner line.
RESULTS
Behavioral measures of pitch and spectral ripple discrimination thresholds also differed for musicians and non-musicians (Fig. 2) . Musicians, as a group, were found to have higher (better) spectral ripple discrimination thresholds than nonmusicians (t(18) = 3.63, p = 0.0019). They were also able to perceive smaller changes in pitch (lower pitch discrimination thresholds) than the group of individuals without musical training (t(10) = −3.56, p = 0.0056). The box plots in Figure 2 follow the same conventions as those shown in Figure 1 .
The scatter plot in Figure 2 compares performance by both musicians (filled symbols) and non-musicians (open symbols) on these two behavioral measures of auditory discrimination. Linear regression analysis revealed a strong and statistically significant correlation (r 2 = 0.66, p < 0.0001) between spectral ripple discrimination and pitch discrimination thresholds suggesting that these two tests may be tapping into the same basic perceptual skill. Figure 3 includes spectrograms of two stimulus pairs (C4-C4# and 1 rpo) used for evoked potential testing. These stimulus contrasts were clearly detected by all 20 study participants. The lower panels show evoked potential recordings obtained using these two stimulus contrasts. Thin lines are used to show data from individual subjects. The stimulus onset occurs at the 0 msec point in each recording. The stimulus change occurs at the 400 msec point. Grand mean recordings are shown using the thick line. Results from musicians and nonmusicians are plotted separately. Recordings from individual study participants represent an average of 100 sweeps. These recordings include a prestimulus baseline, an onset N1-P2 response and a smaller amplitude ACC response. Figure 4 shows a series of waveforms recorded from a musician and a non-musician. The two upper panels show waveforms evoked using a change in pitch. The parameter is the magnitude of the pitch change measured in cents where 100 cents is equal to one semitone. The two lower panels show responses recorded using ripple noise stimuli. Once again, the stimulus onset occurs at the 0 msec point in each recording, and the stimulus change is introduced at the 400 msec point. Both are indicated with dashed lines.
Onset responses are clearly identifiable in all of the recordings from both study participants. As the change in pitch becomes smaller or as the ripple density increases, it becomes progressively more difficult to discriminate the two signals in each stimulus pair and the ACC amplitude, measured from N1 to P2, decreases. Asterisks indicate the VDT identified for each subject. For the musician, a difference in pitch as small as 15 cents and ripple densities as large as 7 rpo resulted in the recording of a measurable ACC. For the non-musician, the smallest pitch difference that evoked a measurable ACC was 25 cents and spectral ripple densities of ≤5 rpo were required to elicit an ACC response. Figure 5 shows average normalized ACC amplitude measures evoked using a change in pitch or a change in the location of the spectral peaks of a ripple noise stimulus (Fig. 3) . Results recorded from musicians are shown using filled symbols. Results recorded from non-musicians are plotted using open symbols. Error bars indicate ±1 standard error around the mean. The numbers in parentheses indicate the number of subjects tested using each stimulus contrast.
The amplitude of the ACC response measured between the N1 and P2 peaks was normalized to the amplitude of the onset response. A normalized amplitude of 1 means the ACC response was as large as the onset response. A normalized amplitude of 0 means no ACC response was detected. As the density of the spectral ripples is increased or the magnitude of the pitch change is reduced, normalized ACC amplitude values tend to decrease. There also appear to be group effects. That is, musicians seem to have slightly larger normalized amplitudes than non-musicians for the same stimulus contrasts.
To evaluate the statistical significance of the trends shown in Figure 5 , two separate MANOVAs were computed. Subject group and stimulus type were considered to be main effects. The dependent variable was normalized ACC amplitude. The independent variable was the magnitude of the change in pitch or spectral ripple density. Not all study participants were tested using all stimulus contrasts. The number of study participants tested using each of the contrasts shown is indicated on the figure. Because subject numbers in each group are small for the more challenging stimulus contrasts, statistical analysis was limited to stimulus contrasts less than 7 rpo and pitch changes greater than 10 cents. Normalized ACC amplitudes were found to decrease significantly as spectral ripple density Group effects, that is the difference between musicians and non-musicians, were also found to be statistically significant for both stimulus types (pitch: F(1,18) = 12.30, p = 0.0025; ripple noise: F(1,18) = 6.99, p = 0.0165). No interaction was found for either the dataset collected using ripple noise stimuli or stimuli that included a change in pitch. Figure 6 shows VDTs for ACC recordings obtained using both the pitch change and ripple noise paradigms. VDTs recorded from musicians using ripple noise stimuli are higher (better) than VDTs recorded from non-musicians using the same stimuli (t(18) = 2.86, p = 0.0104). VDTs recorded using changes in pitch were also significantly lower (better) for musicians compared with non-musicians (t(18) = −2.82, p = 0.0114). The scatter plot in Figure 6 shows the relationship between these two electrophysiologic measures of "discrimination." Linear regression analysis performed using data from both subject groups combined revealed a statistically significant correlation between these two metrics (r = 0.5, p = 0.0252).
Finally, Figure 7 shows the relationship between electrophysiologic and behavioral estimates of auditory discrimination. A strong and statistically significant correlation between the electrophysiologic and behavioral measures is evident when the ripple noise stimulus is used (r 2 = 0.64, p < 0.0001). A weaker, but still statistically significant correlation was obtained Fig. 3 . Waveforms recorded from all 20 study participants are shown for two example stimuli. Thinner dashed lines are waveforms recorded from individual participants. The thicker solid lines are grand average waveforms. Waveforms recorded from musicians and non-musicians have been separated. Spectrograms of the stimuli used to evoke these responses are also shown. Fig. 2 . Box plots show performance of musicians and non-musicians on the spectral ripple and pitch discrimination tasks. The scatter plot shows the correlation between these two behavioral measures of auditory discrimination. Note that better performance on the spectral ripple discrimination task is indicated by higher threshold values, whereas better performance on the pitch discrimination task is indicated by lower threshold values.
e80 BROWN Et al. / EAR & HEARING, VOL. 38, NO. 2, when the pitch change stimuli were used (r 2 = 0.24, p = 0.0265). In this analysis, data from both musicians and non-musicians have been combined. The asterisks in Figure 7 indicate specific datum points recorded from study participants with a mild hearing loss at 4000 and 8000 Hz. While somewhat anecdotal given the small numbers, note that the 3 musicians with mild loss of hearing in the high frequencies do have slightly worse spectral ripple discrimination thresholds than their peers with 
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audiometric thresholds that were better than 20 dB HL for frequencies above 4000 Hz. No such trend is apparent in the pitch discrimination data.
DISCUSSION
In this study, we used both behavioral and electrophysiologic methods to determine how long-term musical training impacts the ability of a listener to detect a change in a spectrally complex acoustic signal. Our goal was to determine if the ACC response was sensitive enough to reflect changes in perceptual acuity associated with such training.
The musicians who participated in this study scored higher on measures of speech discrimination in noise and were able to use timbre cues to identify musical sounds with greater accuracy than individuals without musical training (Fig. 1) . This finding was expected and generally consistent with previously published results. For example, Parbery-Clark et al. (2009) found that musicians performed better than non-musicians on a battery of behavioral measures that included frequency discrimination, working memory function, and speech perception in noise. A variety of explanations has been offered to explain these perceptual differences. For example, it has been suggested that the act of listening to speech in the presence of noise is similar to a concurrent analysis of auditory units and sound segregation that musicians are trained to employ (Parbery-Clark et al. 2009; Zendel & Alain 2009; Shahin 2011) . Another explanation relates to the fact that musical perception and performance requires sophisticated top-down processing (Strait et al. 2010 ) enhanced pitch discrimination (Tervaniemi et al. 2005 ) Fig. 6 . Box plots show visual detection thresholds for ACC responses evoked using either a shift in the peaks and troughs of a ripple noise stimulus or a shift in pitch of a musical tone. Results obtained from musicians are contrasted with results recorded from non-musicians. The scatterplot shows the correlation between these two metrics. The line represents the results of a linear regression computed using combined data from both subject groups. Fig. 7 . Scatterplots show the relationship between ACC-based VDTs and behavioral measures of auditory discrimination for the pitch change and the ripple noise stimuli. The lines show the results of a linear regression computed using combined data from both subject groups (musicians and non-musicians). Asterisks indicate responses recorded from individuals with mild hearing loss for frequencies ≥4000 Hz.
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In this study, we reported comparisons between musicians and non-musicians on how well they are able to discriminate small changes in two different spectrally complex acoustic signals: a noise stimulus that has been filtered to create spectral ripples and a synthetic version of a note played on a clarinet. Psychophysical testing showed that, as expected, musicians had better frequency and spectral ripple discrimination thresholds that the non-musicians (Fig. 2) . These results are consistent with observations reported by others that suggest musicians are able to discriminate stimuli on the basis of pitch more accurately than non-musicians (Kishon-Rabin et al. 2001; Besson et al. 2007 ). The fact that no significant difference between the two groups was measured on the VMT suggests that this difference in perceptual acuity may be more related to practice or auditory training than simply to differences in working memory.
Our goal was to determine if we could use electrophysiologic methods to assess sensitivity to change in the spectral content of an acoustic signal. While other researchers have used evoked potential techniques to evaluate the impact of training, most have focused on onset responses and have shown that the amplitude of the second positive peak of the P1-N1-P2 onset response can be enhanced following a period of training using either music or speech sounds (Tremblay et al. 2001; Tremblay & Kraus 2002; Shahin et al. 2003; Trainor et al. 2003; Musacchia et al. 2008; Orduña et al. 2012) . While relevant, the P1-N1-P2 onset response is typically characterized as a metric that is related to detection of an acoustic signal rather than discrimination between two signals. Therefore, we chose to focus on the ACC rather than the onset response. Our study participants were normal-hearing adults and as a result, the onset responses that were recorded were generally well formed and characterized by clear N1 and P2 peaks (Fig. 3) . The ACC responses were smaller in amplitude than the onset responses as measured between the N1 and P2 peaks. The amplitude of the ACC response also decreased as the magnitude of the stimulus change decreased (Figs. 4 and 5 ). This finding is consistent with similar results previously reported from our lab and from others (Martin & Boothroyd 2000; Brown et al. 2008 Brown et al. , 2015 Kim et al. 2009; Won et al. 2011) and suggests that the ACC might provide an objective (e.g., non-behavioral) metric that may predict perception. In this report, we use a peak to peak metric to quantify amplitude (N1-P2) rather than a simple measure of P2 amplitude relative to a baseline or P2 latency because the ACC response has a relatively small amplitude and this transition is the prominent feature of that response. To facilitate comparison across subjects, we normalized the amplitude of the ACC response to the amplitude of the onset response. These normalized amplitude measures increased as the differences between in the two halves of the acoustic stimulus became more different (e.g., as the difference in pitch between the first and second halves of the stimulus increased or as spectral ripple density decreased). Small normalized ACC recordings were obtained when the change between the first and second half of the acoustic signal was small. Larger normalized change responses were recorded when the change in the acoustic stimulus was larger and presumably more easily detected by the listener (Figs. 4 and 5) . This finding was also expected and similar to results reported previously using other subject populations and using a range of different stimulus types (Martin & Boothroyd 2000; Brown et al. 2008; Kim et al. 2009; Itoh et al. 2012) .
Generally, we found that electrophysiologic estimates of auditory discrimination (e.g., the VDTs) were not as sensitive as the behavioral measures of discrimination; however, the two metrics are correlated with each other (Fig. 6 ). In addition, the results of this study demonstrate that musicians are not only able to discriminate smaller changes pitch than non-musicians but they also have higher (better) spectral ripple discrimination thresholds than non-musicians; both of those differences in perceptual acuity are mirrored in VDTs recorded using the same stimuli and the same stimulation paradigm. We also demonstrate that musicians tend to have larger normalized ACC amplitudes than non-musicians for both types of stimuli (Fig.  5) . While the magnitude of the differences we report are not large, they are statistically significant and confirm that at least on a group level, the normalized ACC amplitude metric is, in fact, sensitive enough to reflect differences in the way musicians and non-musicians process spectrally complex acoustic stimuli.
These results are consistent with previous data reported from Itoh et al. (2012) who showed larger N1 change responses from musicians than non-musicians when evoked using two different changes in a musical chord. One change was perceptually more subtle than the other, and the result of this study showed this more subtle change in pitch was associated with a smaller evoked response. Behavioral and physiologic comparisons of spectral ripple discrimination have also been compared previously by Won et al. (2011) . These investigators measured ACC responses from 3 normal-hearing listeners tested on ripple noise stimuli that were processed using an 8-channel vocoder. Consistent with this report, normalized ACC amplitudes decreased as ripple density increased and behavioral measures were more sensitive than electrophysiological measures of spectral ripple discrimination. A previous study by the same group (Won et al. 2010) reported correlations between behavioral measures of spectral ripple and complex-tone pitch discrimination with measures of speech perception in noise in CI users. No electrophysiologic data are included in that report, but the link between these two measures of change in a spectrally complex signal and speech understanding in noise is compelling.
The results of this study add to a growing body of literature that suggests that the effects of musical training or practice can alter both the way sound is perceived and the neural processes associated with that perceptual change are measureable Tervaniemi et al. 2005; Fujioka et al. 2006; Alain et al. 2007; Fu & Galvin 2007; Shahin, 2011; Krishnan et al. 2012 ).
While we have focused on individuals with essentially normal hearing who have had long-term training, this work has application to clinical populations. For example, today children as young as 1 year of age, who have been born deaf, are considered to be candidates for cochlear implantation. Outcome with a CI can vary widely. Most CI users have very poor spectral resolution, and most struggle to understand speech in background noise or to appreciate music. These challenges affect both adult and pediatric CI recipients. Recent evidence has shown that participation in music-based auditory training programs can lead to BROWN Et al. / EAR & HEARING, VOL. 38, NO. 2, e83 improved performance by pediatric CI users (Yucel et al. 2009; Chen et al. 2010) . Based on observations like these, many CI teams are recommending the incorporation of musical activities into the auditory habilitation program for these children. This is also the population where non-behavioral measures of progress with might be most welcome. Results of the present study suggest the ACC might serve that purpose. Finally, while promising, we would note that these recordings can be time-consuming to obtain, require the application of recording electrodes, and depend on having a subject who is able to stay alert but remain relatively quiet during the testing process. The finding that the spectral ripple and pitch discrimination thresholds can be estimated using either behavioral or electrophysiological methods and are sensitive to the effects of training are compelling; however, the results we report were collected using individuals with many years of musical training. An important next step will be to evaluate the sensitivity of these electrophysiologic measures to changes in auditory processing associated with participation in short-term musical training programs.
CONCLUSIONS
Long-term training in music performance and exposure to music over a lifetime appears to result in improvements in the ability of an individual to discriminate small changes in musical pitch and process subtle changes in complex spectral cues. These differences in perceptual acuity are evident both in physiologic measures of neural processing at the level of the auditory cortex and behavioral measures of discrimination between acoustic signals that vary based on differences in musical pitch and variations in the spectrum of a noise stimulus.
